Abstract. The LUNA (Laboratory Underground for Nuclear Astrophysics) facility has been designed to study nuclear reactions of astrophysical interest. It is located deep underground in the Gran Sasso National Laboratory, Italy. Two electrostatic accelerators, with 50 and 400 kV maximum voltage, in combination with solid and gas target setups allowed to measure the total cross-sections of the radiative-capture reactions 2 H(p, γ) 3 He and 14 N(p, γ) 15 O within their relevant Gamow peaks. We report on the gamma background in the Gran Sasso laboratory measured by germanium and bismuth germanate detectors, with and without an incident proton beam. A method to localize the sources of beam-induced background using the Doppler shift of emitted gamma rays is presented. The feasibility of radiative-capture studies at energies of astrophysical interest is discussed for several experimental scenarios.
Introduction
Stars generate energy and synthesize chemical elements in thermonuclear reactions [1] [2] [3] . All reactions induced by charged particles in a star take place in an energy window called the Gamow peak. For the 14 N(p, γ) 15 O reaction, to give an example, the Gamow peak lies between 20 and 80 keV for a star in a globular cluster which is at the evolution stage used for the cluster age determination. a e-mail: bemmerer@pd.infn.it
The cross-section σ(E) of a charged-particle-induced reaction drops steeply with decreasing energy due to the Coulomb barrier in the entrance channel:
where S(E) is the astrophysical S factor [3] , and η is the Sommerfeld parameter with 2πη = 31.29 Z 1 Z 2 µ E . Here Z 1 and Z 2 are the charge numbers of projectile and target nucleus, respectively, µ is the reduced mass (in amu), and E is the center-of-mass energy (in keV units).
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The European Physical Journal A In the static burning of stars, σ(E) has a very low value at the Gamow peak. This prevents a direct measurement in a laboratory at the Earth's surface, where the signal-to-background ratio is too small because of cosmic-ray interactions. Hence, cross-sections are measured at high energies and expressed as the astrophysical S factor from eq. (1). The S factor is then used to extrapolate the data to the relevant Gamow peak. Although S(E) varies only slowly with energy for the direct process, resonances and resonance tails may hinder an extrapolation, resulting in large uncertainties [3] . Therefore, the primary goal of experimental nuclear astrophysics remains to measure the cross-section at energies inside the Gamow peak, or at least to approach it as closely as possible.
The Laboratory Underground for Nuclear Astrophysics (LUNA) has been designed for this purpose and is located in the Laboratori Nazionali del Gran Sasso (LNGS) in Italy. LUNA uses high-current accelerators with small energy spread in combination with high-efficiency detection systems, which are described below.
At the 50 kV LUNA1 accelerator [4] , the 3 He( 3 He, 2p) 4 He cross-section was measured for the first time within its solar Gamow peak [5, 6] . Subsequently, a windowless gas target setup and a 4π bismuth germanate (BGO) summing detector [7] have been used to study the radiative-capture reaction 2 H(p, γ) 3 He, also within its solar Gamow peak [8] .
The 400 kV LUNA2 accelerator [9] has been used to study the radiative-capture reaction 14 N(p, γ) 15 O, which is the bottleneck of the hydrogen burning CNO cycle [2] . Most previous experiments on this reaction, [10] and references therein, had the lowest yield point at E = 240 keV, much higher than the Gamow peak. For the LUNA 14 N(p, γ)
15 O study, titanium nitride (TiN) solid targets and a high-purity germanium detector were used to measure the cross-sections for the transitions to several states in 15 O, including the ground state, down to E = 130 keV [11] [12] [13] . The LUNA data resulted in a total extrapolated S factor that was a factor 2 smaller than the values adopted by recent compilations [14, 15] , leading to considerable astrophysical consequences [16] [17] [18] . In order to extend the 14 N(p, γ) 15 O cross-section data to even lower energies, a gas target setup similar to the one used for the 2 H(p, γ) 3 He study and a BGO detector have been installed at the LUNA2 400 kV accelerator [19] .
In the present work, the features of the LUNA facility are reviewed. A solid target setup and a gas target setup, both for the study of radiative-capture reactions, and a setup specifically designed for background studies are described. The γ background relevant to radiative-capture experiments is discussed for each setup, with and without a proton beam incident on the target. A procedure to localize the source of ion-beam-induced background using the Doppler shift of emitted γ-rays is employed. The feasibility of low-energy radiative-capture experiments at the LUNA facility is evaluated.
The Gran Sasso underground laboratory
The Gran Sasso underground laboratory 1 consists of three experimental halls and several connecting tunnels. Its site is protected from cosmic rays by a rock cover equivalent to 3800 m water (3800 m w.e.). The LUNA facility is situated in a bypass tunnel, about 30 m to the west of the entrance of experimental hall A.
The overlying rock suppresses the flux of cosmicray-induced muons by six orders of magnitude [20] , resulting in a flux of muon-induced neutrons of the order of Φ nµ ≈ 10 −8 n cm 2 ·s , according to a recent simulation [21] . The measured total neutron flux in hall A is somewhat higher, Φ n ≈ 4 · 10 −6 n cm 2 s [22] . This excess can be explained with neutrons from (α, n) reactions and spontaneous fission of 238 U, both of which take place in the surrounding rock and the concrete walls of the experimental areas [23] . The neutron flux data for hall A offer an approximate picture for the situation at the LUNA site, since the rock and concrete surroundings are comparable.
In a previous experiment using germanium detectors, the laboratory background was compared between a facility at sea level and an underground site shielded by 500 m w.e. [24] . It was shown that for E γ > 2 MeV, the counting rate at sea level was dominated by cosmic rays, especially muons, traversing the detector. For E γ ≤ 2 MeV, a 15 m w.e. cosmic-ray shield achieved a sizable reduction in both line and continuum background, mainly by reducing the flux of cosmic-ray-induced neutrons [25] . At LNGS, a reduction in the γ continuum of about a factor 100 was observed [26] for the same energy region when compared to a low-level counting facility at the Earth's surface.
These previous studies focused on the energy region E γ < 3 MeV relevant to activity measurements. Radiative-capture reactions [27] often lead to the emission of γ-rays of higher energy. Since direct and indirect effects of cosmic rays dominate the counting rate at high γ energies, active shielding with a muon detector is generally used to suppress this background in laboratories at the Earth's surface. An active muon shield can reduce the background counting rate by about a factor 10-50 for E γ = 7-11 MeV [28] . The 10 −6 reduction in cosmic-ray-induced muons provided by the Gran Sasso rock cover, therefore, offers a clear advantage, especially at high γ energies.
